Phosphoinositide lipids function as both signaling molecules and as compartment-specific localization signals for phosphoinositide-binding proteins. In recent years, both phosphoinositides and phosphoinositide-binding proteins have been reported to display a restricted, rather than a uniform, distribution across intracellular membranes. Here, we examine recent data documenting the restricted distribution of both phosphoinositides and phosphoinositide-binding proteins and examine how phosphoinositide-binding proteins might engage multiple binding partners to achieve these restricted localizations, effectively acting as detectors of coincident localization signals.
Introduction
Phosphoinositides are a family of stereochemically distinct phosphorylated derivatives of the minor membrane lipid phosphatidylinositol (PtdIns; Figure 1 ). Phosphoinositides function both as signaling molecules and as localization cues, allowing for the recruitment of phosphoinositide-binding proteins to phosphoinositide-containing membranes [1] . Phosphoinositide-binding proteins commonly contain modular phosphoinositide-binding domains, such as pleckstrin homology (PH); phox-homology (PX); Fab1, YotB, Vac1, EEA1 (FYVE) and epsin amino-terminal homology (ENTH) domains [1] [2] [3] [4] (Figure 2 ). This review will not attempt to catalogue the lipid-binding capabilities of these domains -for such information, readers are referred to excellent discussions of this subject elsewhere [1] [2] [3] [4] . Here, we explore mechanisms that allow phosphoinositides and phosphoinositidebinding proteins to adopt a restricted distribution over cellular membranes.
Phosphoinositides as targeting modules
Phosphatidylinositol comprises ~8% of the total cellular phospholipid content [5] . Intracellular membranes are enriched in various phosphoinositides, present at levels of between 0.01-5% of that observed for PtdIns itself [6] . Phosphoinositides are not uniformly distributed among intracellular membranes but appear enriched upon different organelles ( Figure 3) ; for example, PtdIns(4,5)P 2 is enriched upon the inner leaflet of the plasma membrane and present upon membranes of the Golgi, whereas PtdIns(3)P appears restricted to membranes of the endosomal system, and PtdIns(4)P appears present upon the Golgi and plasma membrane [1, 4, 7] . Accounting for the proportional area of individual membranes, it has been estimated that the more abundant PtdIns(3)P, PtdIns(4)P and PtdIns(4,5)P 2 lipids comprise ~4-5% of the total lipid content on the cytosolic face of their host organelles [4] . In this manner, phosphoinositides act as compartment-specific recognition signals for cytosolic binding partners and assist in the targeting of peripheral membrane proteins to these membranes.
Avidity-mediated targeting
Phosphoinositide-binding domains commonly bind phosphoinositides with low affinities, favoring a highly plastic system whereby phosphoinositide-binding proteins can continually sample the membrane environment, searching out and becoming enriched at sites of phosphoinositide presence [1] . Weak binding is often enhanced through avidity effects (for example, as induced by oligomerization) and the ability to engage substrates in addition to the phosphoinositide lipid. A classic example of avidity-based targeting is observed for dynamin, a PH-domain-containing GTPase that regulates vesicle scission from membranes. In isolation, the dynamin PH domain interacts only weakly with membranes, but forced dimerization of dynamin PH domains greatly enhances the strength of membrane interaction [8] . In other words, the ability of a protein complex to engage multiply with the lipid surface enhances the avidity of that complex for such surfaces. Avidity-mediated enhancement in binding strength is due not only to the additive affinities of individual monomers but is assisted by a spatial constraint in that individual dissociated monomers remain in close proximity to, and thus have a higher probability of re-binding, their substrate. Avidity effects can be likened to the ability of Velcroe™ to create a high-strength bond despite the relatively weak strength of the interaction between individual hooks and loops, and such effects are thought to drive productive association of many peripheral membrane proteins with surfaces containing both lipid and non-lipid binding sites.
Plasma membrane microdomains of phosphoinositides
Early reports, employing a GFP-tagged PtdIns(4,5)P 2 -binding PLCδ1-PH domain, demonstrated an apparently uniform distribution of this lipid within the inner leaflet of the plasma membrane [9] . However, recent advances in fluorescent imaging, and the electronmicroscopical (EM) examination of lipid-binding probes upon pre-fixed tissues [10] , have led us to question just how 'uniform' the distribution of PtdIns(4,5)P 2 actually is. Using high-resolution microscopy, Czech and colleagues demonstrated that the PLCdelta;1-PH domain decorated stable patches upon the plasma membrane of 3T3-L1 adipocytes [11] . Examination of concanavalin-A (a membrane-binding lectin) and BODIPY-HPC (a lipid dye) enrichment within these microdomains, demonstrated that, in contrast to previous reports [12] , the enrichment of PLCdelta;1-PH at these sites was greater than that provided for by local membrane folding, suggesting that mechanisms existed to restrict the localization of PtdIns(4,5)P 2 to microdomains at the plasma membrane. Similarly, using the PLCdelta;1-PH domain, or antisera specific for PtdIns(4,5)P 2 , PtdIns(4,5)P 2 microdomains have been detected in the plasma membrane of PC12 cells [13] , in COS cells and in neuronal growth cones [14] . Use of a GST-tagged PLCdelta;1-PH domain upon pre-fixed 1321N1 human astrocytoma cells demonstrated that, at EM resolution, this probe decorated lamellipodia-like profiles at the plasma membrane [15] , consistent with the body of evidence implicating PtdIns(4,5)P 2 in the control of actin dynamics [16] [17] [18] . Evidence therefore suggests the presence of plasma membrane microdomains of PtdIns(4,5)P 2 , but what function could these patches have?
Interestingly, clathrin and polymerized actin were found immediately beneath these patches of PtdIns(4,5) P 2 [11] , and it has recently been shown that these patches promote actin polymerization through the actin-regulatory protein neural Wiskott-Aldrich syndrome protein (N-WASP) [19] . N-WASP itself binds PtdIns(4,5)P 2 in a highly cooperative mechanism by means of a lysine-rich domain [20] , allowing it to respond in a switch-like manner to increases in PtdIns(4,5)P 2 density. Normally, N-WASP inhibits Arp2/3-dependent actin polymerization, but this inhibition can be relieved through its binding to PtdIns(4,5)P 2 , suggesting that restricted localization of PtdIns(4,5)P 2 to high-concentration patches might function to locally activate the Arp2/3 complex and regulate actin dynamics in the vicinity of these domains.
Ordered lipids and phosphoinositide microdomains
The partitioning of lipids into 'ordered' or 'disordered' phases, due to the abilities of their acyl chains to pack together [21, 22] , has long been considered a mechanism of compartmentalizing membranes. Regions of ordered lipids often contain cholesterol, sphingolipids and glyco-sylphosphatidylinositol-anchored proteins and have become known as 'rafts'. PtdIns(4,5)P 2 -rich patches at the plasma membrane have been shown to contain cholesterol and ordered-lipids [20] and were found to colocalize with raft-enriched, actinregulatory, GAP-43-like proteins such as GAP43, MARCKS (myristoylated alanine-rich C kinase substrate) and CAP23 [14] . Thus, the presence of ordered and disordered membrane microdomains might induce lateral segregation of phosphoinositide lipids within cellular membranes, providing a possible mechanism for microdomain biogenesis.
However, before leaving with the notion that the presence of PtdIns(4,5)P 2 microdomains is universally accepted, it would be prudent to note some counterarguments. Just as phosphoinositides can recruit proteins to membranes, some proteins are able to laterally recruit phosphoinositides within the bilayer; for example, GAP-43-like proteins, and possibly the PLCdelta;1-PH domain itself, seem able to cluster PtdIns(4,5)P 2 upon liposomes in vitro [23, 24] . Indeed, triton X-100, a detergent commonly used in immunofluorescence protocols, can even induce PtdIns(4,5)P 2 clustering in vivo [25] . So, while a body of evidence exists describing plasma membrane patches of PtdIns(4,5)P 2 , these data must also come with a caution; for, like Schrödinger's cat, the very tools used to examine phosphoinositides might induce lipid microdomains themselves.
Restricted localization of phosphoinositides upon internal membranes
As well as the plasma membrane patches of PtdIns(4,5)P 2 described above, evidence exists for restricted localization of phosphoinositides upon internal membranes. At EM resolution, a multimerized-FYVE domain from Hrs (2xFYVE hrs ), detected PtdIns(3)P exclusively upon endosomal membranes and the inner vesicles of multivesicular bodies [26] . Further work, using Alexa 488 -and biotinylated-2xFYVE hrs probes at confocal resolution, demonstrated the existence of PtdIns(3)P microdomains upon the surface of artificially enlarged endosomes and large endosomes in HepG2 cells. These microdomains contained some PtdIns(3)Pbinding proteins, including EEA1 (early endosomal antigen-1), but excluded others, such as Hrs [27] . Thus, the lipid species upon the cytosolic face of endosomes seem able to adopt a non-uniform distribution and phosphoinositide-binding proteins themselves can adopt a restricted distribution across these membranes.
Creating non-uniform phosphoinositide distributions
How might these microdomains form? One can imagine how barriers must exist to prevent lateral diffusion of these lipids. If phosphoinositide-binding proteins can cluster phosphoinositides within the bilayer [23, 24] , perhaps recruitment and oligomerization of phosphoinositide-binding proteins themselves will stabilize phosphoinositides within membranes. Alternatively, spatial regulation of phosphoinositide-kinase and -phosphatase activities might also contribute towards microdomain formation.
upon endosomes, leading to the localized production of PtdIns(3)P and the recruitment of PtdIns(3)P-binding proteins, such as EEA1 (see Box 1), in a GTP-Rab5-dependent manner [29, 30] . GTP-Rab5 can also recruit a complex of Rabaptin5-Rabex5. Rabex5 (a Rab5 activator) can enhance GTP loading upon Rab5, and its recruitment is thought to stabilize GTP-Rab5 at specific sites upon endosomes [30, 31] . Thus, stabilization of GTP-Rab5 upon endosomes, coupled to the recruitment of PtdIns 3-kinases to Rab5 domains might contribute to the formation of PtdIns(3)P-enriched microdomains upon endosomes.
Positive-feedback control of phosphoinositide synthesis can also occur at the plasma membrane. Type-I PtdIns(4)P 5-kinase-α can be activated by both GTP-Arf6 and phosphatidic acid [16] , and its lipid product, PtdIns(4,5)P 2 , can activate phospholipase D to produce phosphatidic acid [32] . Thus, it can be seen that PtdIns(4)P 5-kinase-α activation might be augmented through PtdIns(4,5)P 2 -mediated activation of phospholipase D [1] , leading to a restricted burst of PtdIns(4,5)P 2 production. Thus, feed-forward control of kinase activity might contribute towards non-uniform phosphoinositide localization across intracellular membranes.
Activation of phosphatases
Phosphoinositide phosphatases can also shape the phosphoinositide distribution across membranes. PTEN (phosphatase and tensin homolog deleted on chromosome 10), dephosphorylates PtdIns(3,4,5)P 3 to generate PtdIns(4,5) P 2 [33] . In Dictyostelium discoideum, PtdIns(3,4,5)P 3 is generated at the leading edge of the cell in response to chemoattractants [34] , where it defines the direction of migration. This definition is enhanced through recruitment of PTEN to the posterior edge of the cell [34] , demonstrating that restricted localization of phosphatases can shape the phosphoinositide profile across a single membrane. Indeed, like kinases, phosphatases are subject to feed-forward activity control. PTEN can be allo-sterically activated through the binding of its lipid product, PtdIns(4,5)P 2 , enhancing its ability to dephosphorylate PtdIns(3,4,5)P 3 [35] . Similarly, myotubularin-1, -3 and -6, which are PtdIns(3,5)P 2 3-phosphatases, are allosterically activated by their lipid product, PtdIns(5)P [36] , suggesting that membranes containing allosteric activators provide a suitable environment for phosphatase activity and that phosphoinositide gradients might be sharpened through feed-forward control of kinase and phosphatase activation.
Box 1. Proteins that can bind phosphoinositides
Cvt13p/Cvt20p: Two PX-domain-containing proteins that operate in the yeast cytosolto-vacuole trafficking pathway. Cvt13p is also known as Snx4p.
Centaurins: PH-domain-containing Arf-GTPase-activating proteins that deactivate Arfs by promoting GTP hydrolysis.
Disabled-1, Disabled-2:
Mammalian adaptor proteins containing a phosphoinositideand cargo-binding phosphotyrosine-binding domain.
Dynamin:
A PH-domain-containing GTPase intrinsically linked with the scission of vesicles from membranes.
EEA1:
Early endosomal antigen-1. A FYVE-domain-containing protein that binds GTPRab5 and controls endosome fusion.
FAPP-1, FAPP-2:
Four-phosphate adaptor protein-1, four-phosphate adaptor protein-2. PH-domain-containing adaptor proteins that regulate secretory cargo export from the TGN.
GAP-43 like proteins (GAP-43, CAP-23 and MARCKS):
Raft-enriched protein kinase C substrates that bind and localize with PtdIns(4,5)P 2 .
Hrs: Hepatocyte-growth-factor-regulated tyrosine kinase substrate. An FYVE-domaincontaining protein that is a key regulator of degradative sorting within the endosomal system.
Myotubularins: GRAM-and FYVE-domain-containing phosphoinositide 3-phosphatases.
N-WASP:
Oligophrenins: PH-domain-containing GTPase-activating proteins that act upon Rhofamily GTPases.
OSBP:
Oxysterol-binding protein. A Golgi-resident PH-domain-containing protein implicated in vesicle trafficking, signal transduction and lipid metabolism.
Phospholipase-C:
A PH-domain-containing phospholipid lipase that hydrolyses PtdIns(4,5)P 2 to Ins(1,4,5)P 3 and diacylglycerol.
Phospholipase-D:
A PX-and PH-domain-containing phospholipid lipase that hydrolyses phosphatidylcholine to phosphatidic acid.
Sorting nexins:
A family of PX-domain-containing proteins thought to regulate endosomal trafficking decisions.
Communication through phosphoinositide metabolism
The finding that some phosphoinositide-binding modules can bind to multiple phosphoinositides raises rather intriguing points: either a homo-oligomeric complex will localize to membranes enriched in all these lipids, or phosphoinositide metabolism might allow for communication between individual phosphoinositide-containing regions. For example, the PX-domain of SNX5 binds PtdIns(3)P and PtdIns(3,4)P 2 . In resting cells, SNX5 resides upon PtdIns(3)P-enriched endosomes but, after epidermal growth factor (EGF) stimulation, translocates to the PtdIns(3,4)P 2 -enriched plasma membrane [37] , suggesting that its localization can be modulated by phosphoinositide metabolism. Indeed, PtdIns(3,4)P 2 has also been detected upon the internal vesicles of multivesicular bodies (MVBs), raising the possibility that conversion of PtdIns(3)P to PtdIns(3,4)P 2 might regulate some facet of MVB biogenesis (Figure 3 ) [38] . Additionally, PIKfyve, a PtdIns(3)P 5-kinase that phosphorylates PtdIns(3)P to form PtdIns(3,5)P 2 , localizes to endosomes through its PtdIns(3)P-binding FYVE domain [39] . It can be hypothesized that localized PIKfyve activity will create a microdomain of PtdIns(3,5)P 2 upon endosomes, excluding PtdIns(3)P-binding proteins and recruiting those able to bind PtdIns(3,5)P 2 . The recent description of endosomally localized PtdIns(3,5)P 2 -binding proteins, such as Svp1p [40] , Ent3p [41] , Ent5p [42] and mVps24 [43] , will hopefully allow visualization of the relationship between endosomal PtdIns(3)P and PtdIns(3,5)P 2 and reveal whether biological processivity can occur between domains containing these lipids.
Coincidence detection to restrict protein distribution
It is becoming clear that phosphoinositide-binding proteins themselves can adopt a restricted distribution across cellular membranes. A genome-wide analysis of the 33 yeast PH domains revealed that, of those that could bind phosphoinositides, most did so weakly and promiscuously, yet still localized to membranes in a phosphoinositide-dependent manner. Indeed, PH domains with similar phosphoinositide-binding specificities could localize differentially in cells, suggesting that factors other than phosphoinositides can restrict the localization of PH-domain-containing proteins [44] . A similar picture is seen with the genome-wide screen of the 15 yeast PX domains. While all bar one bound PtdIns(3)P, most did so with such low affinity that membrane localization was thought to require the engagement of other factors to enhance the strength of membrane binding [45] . Indeed, restricted localization of the PX-domain-containing yeast proteins Cvt13p and Cvt20p to the pre-autophagosome required Apg14p expression, suggesting that Apg14p modulated the localization of these phosphoinositide-binding proteins [46] . Furthermore, while both EEA1 and Hrs contain PtdIns(3)P-binding FYVE domains [47] , the endogenous proteins do not overlap perfectly upon endosomes [27, 48] . Hrs localizes to a clathrin-containing bilayered coat upon endosomes in a manner requiring its FYVE domain and coiled-coil region [48] , whereas EEA1 localizes to distinct regions in a manner requiring both its FYVE domain and its Rab5-binding domain [27, 29] . So, engagement of ligands other than phosphoinositides might be a common mechanism employed by a variety of phosphoinositide-binding modules to enhance avidity for surfaces and to impose a restriction upon their localization.
Coincidence detection of small GTPases and phosphoinositides
The distribution of small monomeric GTPases among cellular membranes can, in many cases, act to restrict the localization of many phosphoinositide-binding proteins. For example, the FAPPs (four-phosphate-adaptor proteins) localize to the trans-Golgi network (TGN) in a manner requiring binding to both PtdIns(4)P and Arf1 [49] . Oxysterol-bindingprotein (OSBP), another Golgi resident, has a PH domain that binds PtdIns(4)P, PtdIns(4,5)P 2 and Arf1 [50] , and the adaptor-protein (AP) complex AP-1 localizes to the TGN in a manner requiring both Arf1 and binding to PtdIns(4)P [51] [52] [53] . Thus, Arf1 and 4-phosphoinositides appear to provide a combinatorial targeting mechanism for Golgi localization (Figure 4a ).
Osh1p and Osh2p, yeast orthologs of OSBP, contain highly similar PH domains that can bind PtdIns(4)P. While Osh2p-PH detects both plasma-membrane-and Golgi-localized PtdIns(4)P, Osh1p-PH detects solely Golgi-resident PtdIns(4)P [54] . Selective recognition of Golgi-localized PtdIns(4)P by Osh1p-PH stemmed from a putative membrane-receptorinteracting site within the Osh1p-PH domain, absent from the Osh2p-PH domain, suggesting that this site confers a Golgi-localization cue. Furthermore, Cla4p, a yeast PAK-related protein kinase, localized to sites of polarized growth at the plasma membrane, in a manner requiring its PH domain to bind to PtdIns(4)P and its p21-binding domain to bind to plasmamembrane-localized Cdc42, a Rho-family GTPase [55] . Thus, Cla4p appears to be a coincidence detector of plasma-membrane-localized PtdIns(4)P and Cdc42, whereas Osh1p and the FAPPs appear to be coincidence detectors selecting for Golgi membranes enriched in PtdIns(4)P and Arf1.
Coincidence detection through cargo-phosphoinositide interactions
Assembly of adaptor-protein complexes, often in conjunction with clathrin, and in a manner dependent upon phosphoinositides, allows for concentration of cargo into nascent carriers, a key step in every membrane-trafficking process [56] . Recently, it has been shown that proper assembly of the AP-2 complex requires coincident binding of both motif-containing cargo and PtdIns(4,5)P 2 and that these interactions are mutually stabilizing [57] . These data demonstrate that cargo itself can initiate the assembly of the AP-2 complex and explain why this complex assembles exclusively at the plasma membrane -this is where the PtdIns(4,5)P 2 is. Indeed, the crystal structures of the adaptor proteins disabled-1 and disabled-2 show that both phosphoinositide-binding and peptide-binding sites upon their PH-domain-like phosphotyrosine-binding domain were simultaneously occupied [58] , suggesting that these, and possibly other adaptor-proteins or coat complexes, might localize to membranes through coincident detection of cargo and phosphoinositides (Figure 4b ).
Coincidence detection through binding to multiple lipids
Lipids themselves might provide another mechanism to restrict protein distribution. p47 phox , a component of the NADPH oxidase complex, has a PX domain that binds PtdIns(3,4)P 2 . However, a distinct site within its PX domain is able to bind to acidic lipids such as phosphatidic acid (PtdOH) [59] . Additionally, the EEA1-FYVE domain can bind both PtdIns(3)P and PtdSer [60] , again through distinct sites, suggesting that these probes will be enriched upon membranes containing both lipids, and highlighting the fact that phosphoinositide-binding domains, once considered monogamous, can actually contain multiple lipid-binding sites that might refine their localization across membranes differentially enriched in these lipids (Figure 4c ).
Coincidence detection through lipid and geometric cues
Coincidence detection need not arise solely through the recognition of dual protein-protein, or protein-lipid interactions: the recent identification of the BAR (Bin/ Amphiphysin/Rvs) domain as a membrane-binding domain able to sense membrane curvature [61] provides another example. BAR-domain-containing proteins often contain additional protein-lipid interaction domains, such as PH domains (in oligophrenins or centaurins) or PX domains (in sorting nexins). Endogenous sorting nexin-1 (SNX1) localizes to high-curvature membrane tubules emanating from endosomes. For this, SNX1 requires a functional PtdIns(3)P-binding PX domain and a functional curvature-sensing BAR domain [62] . Forced dimerization of the SNX1-PX domain did not significantly bring it to membranes [63] , consistent with its lowaffinity interaction with PtdIns(3)P in vitro [64] , demonstrating that the SNX1-BAR domain functions as a membrane-binding domain within its own right and that membrane geometry can act as a localization cue (Figure 4d ).
Thus, detection of signals other than phosphoinositides appears to be a mechanism employed by a variety of phosphoinositide-binding proteins to both restrict their distribution across membranes and enhance the strength of their interaction with membranes.
Regulating disassembly
If localization of phosphoinositide-binding proteins occurs through coincidence detection of phosphoinositide and non-phosphoinositide cues, then regulated abolition of a single cue might selectively delocalize these proteins. In many cases, localization requires coincident binding of both phosphoinositides and G-proteins. Thus, it can be imagined how the GTPase cycle could regulate the association and dissociation of phosphoinositide-binding proteins with membranes. Similarly, proteins recruited to dual-phosphoinositide and geometric cues could be selectively localized or delocalized through the alteration of membrane geometry, perhaps during vesicular budding or fusion, and proteins binding multiple lipids could be localized or delocalized through the metabolism of each lipid. Thus, employing coincidence detection might allow for more than just restricted localization of proteins: it might also allow for regulated disassembly of protein complexes at membranes.
Do we really know where phosphoinositides are?
The concept of coincidence detection raises a rather troubling question: if the localization of phosphoinositide-binding domains is determined by cues other than phosphoinositides, how accurately can they be used as reporters for these lipids [65] ? For example, the Golgi localization of probes such as FAPP1 and OSBP is as dependent upon Arf1 as it is on PtdIns(4)P; hence PtdIns(4)P at other membranes will be invisible to these probes. While the Golgi/plasma membrane localization of Osh1p-PH and Osh2p-PH described depends upon PtdIns 4-kinases present upon these membranes [54] , these PH domains actually bind a range of phosphoinositides in vitro [44] rather than being specific for PtdIns(4)P, suggesting that these probes might not report exclusively the presence of PtdIns(4)P. EM determination of PtdIns(4,5)P 2 localization has demonstrated that significant pools of PtdIns(4,5)P 2 exist upon Golgi and endosome membranes [15] that are not recognized by this probe in living cells [9] . In this light, data describing Double FYVE-containing protein-1, a PtdIns(3)Pbinding protein that localizes to the Golgi [66] , the presence of PtdIns(3)P at the plasma membrane [67] or the ER localization of PtdIns(3,4,5)P 3 [68] lead us to question whether the tools we currently use to detect phosphoinositides might only 'see' a restricted population of these lipids and that phosphoinositides might be more widely distributed than previously thought.
Intermolecular coincidence recognition
Finally, it has emerged that 'coincidence' detection might occur at stages other than interactions with membranes. Screening for low-homology PH-domain fragments, Snyder and colleagues recently demonstrated the existence of intermolecular-PH domains: PH domains formed upon the interaction of two proteins containing half-PH domains. The interaction between PLCγ1 and the TrpC3 Ca 2+ channel generates a functional PtdIns(4,5)P 2 -binding PH domain, retaining TrpC3 at the plasma membrane ( Figure 5 ) [69] . These data raise the exciting possibility that many more phosphoinositide-binding domains than originally thought might exist, owing to the fact that they are formed only upon coincident interaction between two proteins, and are thus undetectable by conventional search algorithms. Future efforts ought to examine whether there exist split-ENTH, split-FYVE or split-PX domains as well as the split-PH domains described above. Thus, as well as enhancing the avidity of interaction, protein oligomerization might also enhance binding strength by creating entirely new lipid-binding domains.
Concluding remarks
Thus, while phosphoinositides commonly act as recruitment signals for peripheral membrane proteins, it is becoming clear that additional interactions, other than recognition of the phosphoinositide species, can restrict the localization of phosphoinositide-binding proteins upon cellular membranes. Future work should more fully characterize the microlocalization of both phosphoinositides and phosphoinositide-binding proteins and provide insight into the physiological role that this compartmentalization might bring. [73] . Structures were manipulated in Deepview 3.7 and rendered using POV-ray 3.6. Cartoon depicting intracellular membranes in the endocytic and biosynthetic pathways and their hypothesized phosphoinositide content. These organelles control the trafficking of cargo to a variety of subcellular localizations. Organelle names given in type, trafficking pathways given by letters. A, internalization from the plasma membrane; B, degradative sorting to the lysosome; C, recycling from endosomes to the plasma membrane; D, retrieval of cargo from endosomes back to the trans-Golgi network (TGN); E, delivery of cargo from the TGN to endosomes; F, secretion of cargo from the TGN to the plasma membrane. phosphoinositides and geometric cues. Exemplified by the 3′-phosphoinositide and curvature-dependent localization of SNX1 to endosomes. 
